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molecules into multilayer assemblies enables fabrication of “smart”
thin ﬁlms with well-deﬁned structures. Such ﬁlms would be applicable
for actuators and molecular ﬁltration systems, and would also be a use-
ful element for functional surface coatings and sensor devices. In the
present study, we employed thermo-responsive elastin-like peptides
(ELP) as graft chains of polyanion and polycation to fabricate ultrathin
multilayer ﬁlms by using layer-by-layer deposition (LbL) method
[1–7]. The LbL deposition is known as a highly versatile method for the
preparation of well-controlled layered structures from various kinds of
component polymers using simple, inexpensive, and rapid procedures
compared with other ordered thin ﬁlm processes. The processes of this
method are expected to be controlled with the ELP conformational
change that would bring about reversible variation of the ﬁlm thickness
at the nanometer scale and at the same time the structural color change
of the layered ﬁlms. ELPs are stimuli-responsive polypeptides that con-
sist of repeats of the penta-peptide sequence VPGXG (X is any amino
acid except Pro) and undergo a lower critical solution temperature
(LCST) transition depending on the kind of X [8]. Below the LCST, ELPsare soluble in water, but when temperature is elevated above their
LCST, they show a phase transition, leading to desolvation and aggrega-
tion of the polypeptide. The LCST of ELPs can be precisely tuned between
0 and 100 °C by the replacement of X [9], which is difﬁcult to achieve
with other synthetic polymers such as poly(N-isopropylacrylamide)
(PNIPAM) that exhibits LCST behavior [10,11]. Furthermore, the high
bio-compatibility of ELPs is also attractive for the application to bioma-
terials such as scaffolds for cellular adhesion and bio-devices.
In previous studies, we have shown that PEG-modiﬁed ELPs perform
self-assembly into spherical micelle-like aggregates in water in response
to the conformational switches of ELP segment [12]. The ELP-coated
gold nanoparticles have been also successfully prepared and selectively
aligned onto the 2D-patterned hydrophobic substrate guided with the
ELP character [13]. Recently we have found that the ELP-shelled
poly(amidoamine) dendrimer is able to control its LCST widely with pH
variation due to a cooperative interplay between the folding state of the
ELP shell and the ionization state of the dendrimer core [14]. In this
study, to fabricate electrostatically assembled ﬁlms, poly(acrylic acid)
(PAAc) and poly(allylamine) (PAAm) attached with ELP segments as
graft chainswere newlyprepared (Fig. 1). Besides electrostatic interaction
inducing LbL assembled ﬁlms, hydrogen bonding has also been used for
constructingmultilayers [15,16]. In general, hydrogen bonding is, howev-
er, more thermo-sensitive compared to electrostatic bonding, and so for
the purpose of this paper revealing thermal effects of the ELP segment
on the LbL deposition and the resulting structural color change, the use
of electrostatic interaction seems to be better than hydrogen bonding.
Fig. 1. Chemical structures of thermo-responsive ELP-containing graft polymers.
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by the condensation reaction of commercially available PAAc (Mw
250,000) and PAAm (Mw 150,000) with NH2- and COOH-terminated
ELPs (-(VPGVG)n-, n= 4) at N-termini, respectively, which were syn-
thesized by solid phase synthesis using Fmoc chemistry. The grafting ra-
tios were controlled to be the same for both graft polymers at 20% as
evaluated by 1H NMR spectroscopy.
The thermal behaviors in secondary structure of these graft poly-
mers in buffer solutions were ﬁrst of all examined by means of circular
dichroism (CD) spectroscopy. The pH of the phosphate buffer solutions
was adjusted at 8.0, atwhich both polymer backboneswould be ionized
because the pH value (8.0) is above and below pKa for PAAc and PAAm,
respectively, so that LbL deposition must be satisfactorily proceeded
under this pH condition. Fig. 2a shows CD spectra of PAAc-g-ELP record-
ed at different temperatures. At low temperature (5 °C), the spectrum
gave a typical pattern of randomcoil conformationwith a negativemax-
imum at approximately 198 nm. The molar ellipticity ([θ]) value at 198
nmdecreased with increasing temperature, together with a smaller de-
crease in the [θ] value between 206 and 212 nm and an increase at 222
nm. A positive peak in the region from206 to 212 nm is characteristic of
a type-II β-turn conformation [17]. A similar temperature-dependent
spectral change was observed for the buffer solution of PAAm-g-ELP.
Fig. 2b displays the comparison of the temperature proﬁle of [θ]198mea-
sured for PAAc-g-ELP, PAAm-g-ELP, and polymer-free ELP–COOH under
the same conditions. The conformational transition from random coil to
β-turn took place gradually over awide temperature range from 5 to 80
°C for both ELP graft chains and polymer-free ELP–COOH, and theyFig. 2. (a) Temperature-dependent CD spectral change for a buffer solution of PAAc-g-ELP at pH8
from CD spectra for PAAc-g-ELP (black circle), PAAm-g-ELP (square), and ELP–COOH (triangle)provided similar temperature proﬁles although the absolute [θ]198
values were a little different among them. Thus, one can conclude that
the inherent thermo-responsiveness of the ELP conformation is well
preserved even by grafting to PAAc and PAAm backbones.
Subsequently, the PAAc-g-ELP and PAAm-g-ELP underwent LbL de-
position on quartz or silicon wafer plate at pH 8.0. Each plate was pre-
treated with the poly(acrylic acid)-co-poly(styrene) copolymer (PAAc-
co-PSt, 40/60 composition), whichhad been prepared elsewhere by rad-
ical copolymerization of acrylic acid and styrene (see, Supplementary
data ﬁle), so that the plate surface was anionized at pH 8.0. During LbL
deposition, temperatures were kept constant at 4 and 45 °C, at which
the ELP graft chains would take mainly random coil and β-turn confor-
mation (Fig. 2b), respectively. Depositionwas carried out through alter-
nate dipping of the plate into PAAm-g-ELP and PAAc-g-ELP buffer
solutions (0.1 mg mL−1 each) for 60 min, after which adsorption was
completely at equilibrium. The deposition processes were followed by
UV and CD spectroscopies (Fig. S1). Fig. 3a shows absorbance changes
at λmax 195 nm based on peptide bonds after alternate immersion into
aqueous PAAc-g-ELP and PAAm-g-ELP solutions at pH 8.0, 4 °C and
45 °C. At both temperatures, the absorbance increased linearly with
the alternate immersionmeaning the successful progress of LbL deposi-
tion of PAAc-g-ELP and PAAm-g-ELP, although the magnitude in absor-
bance change by one layer deposition at 45 °C ismuch larger than that at
4 °C. The similar situation was observed in CD spectral changes due to
the deposition. Fig. 3b shows the plot of the ellipticity in CD spectra at
224 nm assigned to β-turn conformation of ELP against the number of
deposition. The ellipticity decreased linearly with the proceeding of
the deposition at both temperatures, but the slope at 45 °C was appar-
ently steeper than that at 4 °C, comparable to the UV spectroscopic re-
sult (Fig. 3a). These spectroscopic data suggest that the amount of
polyions deposited by dipping the plate into the corresponding solu-
tions would strongly depend on the solution temperature during depo-
sition. In order to estimate the ﬁlm thickness, two types of the LbL ﬁlms,
ﬁve-layered ﬁlm prepared at 45 °C and twenty-layered ﬁlm prepared at
4 °C, were scratched by the canti-lever of AFM with a contact mode
(Fig. S2). According to the height proﬁle analysis, the ﬁlm thickness
was evaluated to be 51–56 nm and 46–51 nm for the former and latter
LbL ﬁlms, respectively. Thus the thickness per layer can be calculated to
be about 10 nm for the ﬁlm prepared at 45 °C by taking into account the
thickness of the pre-coated PAAc-co-PSt layer (3.0–3.7 nm). This value
of 10 nm is four times larger than that (about 2.3 nm) for the ﬁlm pre-
pared at 4 °C. The observed temperature dependences of the spectros-
copies and the layer thickness may be considered as follows. At a.0, [peptide]=196 μM;(b) temperature dependences of the [θ] values at 198nmobtained
.
Fig. 3. LbL deposition processes at 4 and 45 °C, pH 8.0 followed by absorbance at 195 nm in UV spectra (a) and ellipticity at 224 nm in CD spectra (b).
52 N. Higashi et al. / Colloids and Interface Science Communications 1 (2014) 50–53higher temperature of 45 °C, the ELP graft chains of polyions are found
to take predominantly hydrophobic β-turn conformation from CD
data, and on the other hand, at 4 °C, those take hydrous coil conforma-
tion that does not affect signiﬁcantly polyion complexation during the
LbL deposition process. Dehydrated and hydrophobized ELP graft chains
at a higher temperature aggregate due to hydrophobic interaction to
provide the deposition of more number of polymer molecules by one-
dipping process and thus to give the thicker ﬁlms.
Finally we examined the structural color formation of these LbL
ﬁlms, which is a useful characterization method for layered struc-
tures at the nanometer scale. Silicon wafers were used as substrate
for this purpose and pre-treated at 1100 °C for 4 h to transform
the surface to an oxide form, so that the interference color was
more easily detectable [18,19]. The LbL deposition process was al-
most the same as that on the quartz plate. Fig. 4a shows photo-
graphs taken for the LbL ﬁlms prepared at 4 °C and 45 °C. Both LbL
ﬁlms clearly display layer number-dependent color changes: for
the ﬁlms prepared at 45 °C, bluish green at 3 layers and yellow
green at 5 layers; for the ﬁlm prepared at 4 °C, bluish green at 10
layers and yellow green at 20 layers. Reﬂection–absorption spectra
(Fig. S3) also rationalized such visually observed layer number-
and temperature-dependent color variation of LbL ﬁlms. Fig. 4bFig. 4. (a) Photographs taken for the LbL ﬁlms prepared on silicon wafer plates at 4 °C (the l
(b) Reversible change in absorption maxima (λmax) when the 10-layered LbL ﬁlm prepared atshows the thermo-reversible change in absorption maxima (λmax)
when the 10-layered LbL ﬁlm prepared at 4 °C, as a typical example,
was alternately immersed in water at 10 °C and 45 °C. Heating from
10 to 45 °C leads to the blue-shift of λmax and cooling returns it to
the original one. These color changes were almost completely re-
versible and were visually detectable. The observed reversible
color variation must be based on the change in layer (ﬁlm) thickness
caused by swelling and deswelling of the polymer layers arising
from the conformational change of ELP graft chains from hydrous
coil to dehydrated, hydrophobized β-turn structure.
In conclusion, the graft polyions (PAAc-g-ELP and PAAm-g-ELP) as
peptide–polymer hybrids were prepared and the ELP segments as the
graft chain showed thermo-responsive conformational change fromhy-
drous coil to dehydrated β-turn structure, similar to that of the
polymer-free ELP. LbL depositions using these graft polyions successful-
ly proceeded and the layer thickness was signiﬁcantly affected by the
deposition temperature due to the existence of ELPs. These LbL ﬁlms
displayed layer number-dependent structural color change and it was
completely thermo-reversible. The reported peptide-based hybrid mo-
lecular system provides a facile and robust strategy for the formation
of functional polymer thin ﬁlms containing a thermo-triggered polymer
layer thickness change mechanism, and is applicable to versatileower) and 45 °C (the upper). The silicon wafer plate was pre-treated at 1100 °C for 4 h.
4 °C was alternately immersed in water of 10 °C and 45 °C.
53N. Higashi et al. / Colloids and Interface Science Communications 1 (2014) 50–53supported-materials such as not only plates described in this study but
also tubes, capsules, and porous materials.
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